These residues may define a set of general structural determinants of specificity in the trypsin family. In order to test this hypothesis, we have attempted to convert trypsin into a protease with specificity for substrates containing small aliphatic residues by replacing the S1 site and these surface loops with the analogous residues of elastase. Five elastaselike mutant enzymes were constructed with various combinations of these substitutions. Four mutant enzymes catalyze the hydrolysis of MeOSuc-Ala-Ala-Pro-Ala-SBzl more efficiently than the hydrolysis of Suc-Ala-Ala-ProPhe-SBzl. This observation indicates that the mutant enzymes have elastase-like esterase specificity. The best mutant, Tr→El-2, is a more specific esterase than elastase: the ratio of the values of k cat /K m for MeOSuc-Ala-Ala-ProAla-SBzl and Suc-Ala-Ala-Pro-Phe-SBzl is greater than 160 for Tr→El-2 and 50 for elastase. However, the esterase activity of Tr→El-2 is 300-fold less than elastase; in addition, Tr→El-2 has no measurable amidase activity. Thus these substitutions do not construct a protease with elastaselike activity. These experiments indicate that a unique structural solution is required for each different specificity. Previous work suggested that instability of the S1 site is a major barrier to redesigning the specificity of trypsin. This view is corroborated by preliminary structural studies of Tr→El-2. One dimensional 1 H NMR spectrum of Tr→El-2 suggests that the S1 site and the two surface loops of this mutant trypsin may be disordered.
Introduction
A major goal in protein engineering is to understand how structure determines function. The trypsin family of serine proteases is an ideal system to address this problem. The catalytic mechanism of these enzymes is well characterized and many X-ray crystal structures of the trypsin family are also available (Steitz et al., 1969; Ruhlmann et al., 1973; Stroud et al., 1974; Sweet et al., 1974; Bode et al., 1989; Polgar, 1989) . Trypsin, chymotrypsin and elastase have similar tertiary structures but very different substrate specificities. Trypsin is specific for substrates containing Lys/Arg in the P1 position; Asp189 is present at the bottom of the S1 site (nomenclature of Schechter and Berger, 1967; chymotrypsinogen numbering) . Chymotrypsin is specific for substrates containing Tyr/Phe/Trp in the P1 position; residue 189 is Ser in the S1 site of chymotrypsin. Elastase is specific for substrates containing Ala/Val in the P1 position; its S1 site is occluded by the side chains of Val216 and Thr226 (both residues are Gly in trypsin and chymotrypsin). These observations suggest that the specificity of enzymes in the trypsin family is determined by the residues at position 189, 216 and 226. However, the substitution of these residues in trypsin with analogous residues in chymotrypsin fails to transfer chymotrypsin-like activity to trypsin (Hedstrom et al., 1992) ; the conversion of trypsin into a protease with chymotrypsin-like specificity requires substitution of the residues which comprise the S1 site and more distal structural elements (Hedstrom, 1996) . Thus the specificity of trypsin is governed by a network of structural interactions.
The S1 sites of these enzymes are formed by residues 189-195, 214-220 and 225-228 . Four S1 site residues differ between trypsin and chymotrypsin: 189, 192 (Gln in trypsin and Met in chymotrypsin), 217 (Tyr in tryspin and Ser in chymotrypsin) and 219 (absent in trypsin and Thr in chymotrypsin). In addition, Ser190 extends into the S1 site of trypsin but points out of the S1 site of chymotrypsin, where it forms a hydrogen bond with Thr138 (residue 138 is Ile in tryspin). Substitution of these residues is also not sufficient to convert trypsin into a protease with chymotrypsin-like specificity (Hedstrom et al., 1992) . However, trypsin is converted into a protease with chymotrypsin-like specificity when two surface loops are substituted with the corresponding residues of chymotrypsin in addition to the substitution of the residues comprising the S1 site (Hedstrom et al., 1992) . These loops connect the walls of the S1 site: loop 1 contains residues 185-188 and loop 2 contains residues 221-224. The mutant trypsin which contains all of these substitutions (Tr→Ch[S1ϩL1ϩL2]) has 0.1-1% of the activity of chymotrypsin (Hedstrom et al., 1994) . Chymotrypsin-like activity is further improved by the substitution of residue 172: Tyr172 forms hydrogen bonds to the carbonyl of Pro225 and the amide proton of Tyr217 in trypsin while Trp172 forms a single hydrogen bond to Pro225 in chymotrypsin. This trypsin mutant, Tr→Ch[S1ϩL1ϩL2ϩY172W], has 10% of the activity of chymotrypsin. The structure of Tr→Ch[S1ϩL1ϩL2] resembles chymotrypsin, although loop 1 and much of loop 2 are disordered (Perona et al., 1995) . While the structure of Tr→Ch[S1ϩL1ϩL2ϩY172W] displays significantly more order than in Tr→Ch[S1ϩL1ϩL2], disorder is still observed in loop 1. The instability of loop 1 may prevent Tr→Ch[S1ϩL1ϩL2ϩY172W] from attaining the same activity as chymotrypsin. Importantly, both of these crystal structures utilized chloromethylketone inactivated enzymes. The observation of disorder even in the presence of an inhibitor suggests that loop 1 is even less structured in the unliganded enzyme; this disorder may even extend to loop 2 and the S1 site. The structure of Tr→Ch[S1ϩL1ϩL2ϩY172W] also suggested that loops 1 and 2 control the conformation of Gly216. The carbonyl of this residue forms a hydrogen bond to the NH of the P3 residue. Thus the conformation of Gly216 may be important in mediating the interactions of the S1 and S3 sites.
The residues of the S1 site, loops 1 and 2, and residue 172 define the set of structural elements required to change trypsin into a protease with chymotrypsin-like activity. In this paper, we test whether these structural elements are general determinants of specificity by replacing them with their elastase counterparts. The resulting enzymes have elastase-like esterase specificity, although they are not as active as elastase and do not possess measurable amidase activity. These results indicate that elastase specificity is determined by a different set of structural features, and suggests that each specificity requires a unique structural solution.
Materials and methods

Materials
Methoxy-succinyl-alanyl-alanyl-prolyl-alanine thiobenzylester (MeOSuc-AAPA-SBzl) was purchased from Enzyme Systems Products (Livermore, CA). Succinyl-alanyl-alanyl-prolylphenylalanine thiobenzylester (Suc-AAPF-SBzl), N-(carbobenzoxy) lysine thiobenzylester (Cbz-Lys-SBzl) and 4,4Ј-dithiodipyridine were purchased from Sigma Chemical Co.
Acetyl-alanyl-alanyl-prolyl-alanine-7-amido-4-methylcoumarin (Ac-AAPA-AMC) were purchased from Bachem Bioscience Inc.
Construction of mutants
Mutants of rat trypsinogen II were constructed using the method of Kunkel as previously described (Kunkel, 1985; Hedstrom et al., 1992) . All mutants were completely sequenced to confirm that only the desired mutations are introduced.
Expression and purification of mutant trypsins
Recombinant rat trypsinogen II was produced as an α-factor fusion protein in a Saccharomyces cerevisiae expression system from the pYT plasmid, which contains the ADH/GAPDH promoter and α-factor leader sequence fused to the trypsinogen coding sequences (Hedstrom et al., 1992) . Mutant trypsinogens were purified from the culture media by cation exchange chromatography using a Toyopearl 650M column (Suppelco) with gradient of 100 mM AcOH/2 mM NaOAc (buffer A) to 100 mM Tris-HCl, pH 8.0 (buffer B). Trypsinogen was activated by addition of enterokinase and chromatographed on POROS HQ column (PerSeptive Biosystems) using the Biocad Sprint Perfusion Chromatography System. Trypsin mutants were stored in 1 mM HCl and 10 mM CaCl 2 at 4°C.
Activity of mutant trypsins
Hydrolysis of MeOSuc-AAPA-SBzl, Suc-AAPF-SBzl and Cbz-K-SBzl was monitored spectrophotometrically in the presence of 4,4Ј-dithiodipyridine (ε 324 ϭ 19.8 mM -1 cm -1 ) using a Hitachi U2000 spectrophotometer as previously described (Hedstrom et al., 1994) . Hydrolysis of Ac-AAPA-AMC was monitored fluorometrically, with excitation wavelength at 380 nm and emission wavelength at 460 nm using a PerSeptive Biosystems CytoFluor Multi-Well Reader, Series 400. Assay mix contained 10 mM CaCl 2 , 0.1 M NaCl and 50 mM HEPES, pH 8.0. The kinetic data were analyzed using KinetAsyst software. Fig. 1 . Alignment of the S1 site and loops 1 and 2 in trypsin, chymotrypsin, elastase and trypsin mutants. Chymotrypsin numbering is used; (.) denote identity with rat trypsin II, and (-) denote gaps in the sequence. The residues of the S1 site are shown in capital letters. Loops 1 and 2 are identified by the dashed lines. Underlined lettering marks the changes between a mutant enzyme and its parent.
NMR spectroscopy of mutant tryspins
One dimensional 1 H-NMR spectra of mutant trypsins were recorded on a Bruker AMX-500 spectrometer. Samples contained Tr→El-2 or Ser195Ala (0.5 and 1.0 mM respectively) in 10% D 2 O, 10 mM CaCl 2 and 10 mM deuterated Tris-HCl, pH 8.0. The activity of Tr→El-2 is stable over the course of measurement. However, wild-type trypsin degraded under these experimental conditions; therefore an inactive mutant, Ser195Ala, was used as a wild-type reference. The data were processed using the program Felix 95 (Biosym/MSI, CA).
Results and discussion
Construction, expression and purification of mutant trypsins
Five mutants of rat trypsin II were constructed with the goal of converting trypsin into a protease with elastaselike specificity (Figure 1) . These mutants contained different combinations of substitutions at the S1 site, residues 138 and 172 and loops 1 and 2. Tr→Ch[S1ϩL1ϩL2ϩY172W] was used as the parent because it already contained several of the required mutations (e.g., Asp189Ser, Tyr217Ser and Tyr172Trp). Tr→El-1 is designed to test the role of loops 1 and 2 by replacing the chymotrypsin-like loops of Tr→Ch[S1ϩL1ϩL2ϩY172W] with the analogous sequences of elastase (Figure 1 ). Tr→El-2 is designed to imitate the occluded S1 site of elastase with the addition of Gly216Val and Gly226Thr to the modifications of Tr→El-1 (Figure 1) . The S1 site of Tr→El-2 was further modified to produce Tr→El-3, Tr→El-4 and Tr→El-5. Tr→El-5 contains elastaselike substitutions which correspond to all of the modifications required to convert trypsin into an enzyme with chymotrypsinlike activity. If these residues define the structural determinants of specificity in the trypsin family of serine proteases, Tr→El-5 will possess elastase-like specificity.
All of the mutant enzymes were produced as zymogens in a Saccharomyces cerevisiae expression system and activated by enterokinase as described previously (Hedstrom et al., 1994) . Unlike previous mutants, the elastase-like enzymes do not bind to SBTI resin. Therefore, the elastase-like enzymes were purified using anion exchange chromatography. Enzyme concentration was determined by titration with p-nitrophenyl pЈ-guanidinobenzoate. The mutant enzymes were stable in 1 mM HCl, 10 mM CaCl 2 , and did not autodegrade.
Criteria for characterization of elastase-like activity
Amide hydrolysis is generally more demanding, and more specific, than ester hydrolysis (Hedstrom et al., 1992) . For example, the transfer of chymotrypsin-like esterase activity into trypsin requires only the substitution of Asp189 with Ser; more extensive substitutions do not alter esterase activity (Hedstrom et al., 1992 (Hedstrom et al., , 1994 . In contrast, the transfer of chymotrypsin-like amidase activity requires fifteen substitutions. Therefore two substrates were chosen to assess elastaselike specificity: an amide, Ac-AAPA-AMC, and an ester, MeOSuc-AAPA-SBzl (Table I) . Only elastase efficiently hydrolyzed Ac-AAPA-AMC (Table I) . Therefore the hydrolysis of Ac-AAPA-AMC can be used to monitor the transfer of elastase-like amidase activity.
However, the hydrolysis of Ac-AAPA-AMC by elastase is 10-fold less efficient than the hydrolysis of Suc-AAPF-AMC by chymotrypsin as measured by k cat /K m . This observation indicates that it will be more difficult to detect elastase-like activity in the mutant enzymes than to detect chymotrypsin-like activity in our previous experiments (Hedstrom et al., 1994) .
In contrast, the value of k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl by elastase is similar to that for hydrolysis by chymotrypsin, and only 100-fold greater than that by trypsin. These observations indicate that the increase in k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl will not be a reliable measure of elastase-like activity. This lack of discrimination among these enzymes probably results from the high reactivity of the thiobenzyl ester and the ability of the P1 Ala residue to bind in the larger S1 sites of chymotrypsin and trypsin. This hypothesis is substantiated by the monitoring the hydrolysis of Suc-AAPF-SBzl and Cbz-K-SBzl. While these compounds are very good substrates of chymotrypsin and trypsin respectively, they are rather poor substrates of elastase. The value of k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl by elastase is 50-fold greater than those for the hydrolysis of Suc-AAPF-SBzl and Z-Lys-SBzl. This discrimination probably results from the inability of the smaller S1 site of elastase to accommodate P1 Phe and Lys residues. These observations suggest that elastase-like specificity may be assessed by monitoring the ratios of k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl and Suc-AABF-SBzl.
Elastase-like esterase specificity can be transferred to trypsin
Since esterase activity is more easily transferred than amidase activity, the ability of the five elastase-like mutant enzymes to hydrolyze MeOSuc-AAPA-SBzl, Suc-AAPF-SBzl and Cbz-KSBzl was assessed first. The values of k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl are at least 300-fold less than that of elastase. Thus, we have not been able to construct a trypsin mutant with esterase activity comparable to elastase.
Tr→El-1 has the highest k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl. This enzyme also efficiently hydrolyzes Suc-AAPF-SBzl and Cbz-K-SBzl, although the values of k cat / K m for these substrates are 50-fold less than the parent enzyme Tr→Ch[S1ϩL1ϩL2ϩY172W]. Thus Tr→El-1 is a nonspecific esterase. This result is expected since Tr→El-1 does not contain the substitutions which occlude the S1 site. Nevertheless, the ratio of k cat /K m for the Ala and Phe changes from 1:40 for the parent enzyme to 1:5 for Tr→El-1. These observations indicate that substitution of loops 1 and 2 with their elastase counterparts selectively decreases the hydrolysis of substrates containing P1-Phe relative to P1-Ala residues.
The presence of the Gly216Val and Gly226Thr mutations should occlude the S1 site of Tr→El-2, further discriminating against substrates containing P1-Phe. Table I shows that this result is observed. The value of k cat /K m for the hydrolysis of MeOSuc-AAPA-SBzl by Tr→El-2 is 8-fold less than by Tr→El-1, while the value of k cat /K m for the hydrolysis of Suc-AAPF-SBzl decreases by 6000-fold. Thus the esterase specificity of Tr→El-1 is similar to that of elastase. These results demonstrate that the substitutions contained in Tr→El-2, i.e., loops 1 and 2, Gly216Val, Gly226Thr, Ile138Thr, Tyr172Trp, Gln192Met, Tyr217Ser and the insertion of Thr at position 219, are sufficient to convert trypsin into an enzyme with elastase-like esterase specificity, although not sufficient to reconstitute the activity of elastase.
The Ile138Thr, Gln192Met, and insertion of Thr at 219 substitutions in Tr→El-2 are carried over from the parent enzyme Tr→Ch[S1ϩL1ϩL2ϩY172W]. It seemed likely that substitution of these residues with their elastase counterparts, Gln192Asn, Ile138Val and Gly at 219, might improve the mutant enzymes. In addition, the wall of the S1 site of elastase formed by residues 214 to 220 contains two extra residues and little sequence similarity to trypsin. Substitutions in this segment, in addition to the Gly216Thr and the insertion of Gly at 219 mutations already mentioned, might also improve the elastase-like specificity of the mutant enzymes. Tr→El-3, Tr→El-4 and Tr→El-5 were constructed within this objective.
The values of k cat /K m for hydrolysis MeOSuc-AAPA-SBzl by these mutants are 7-to 12-fold lower than that for hydrolysis by Tr→El-2. All of these mutants retained the discrimination between P1 Ala and Phe residues as judged by the ratios of k cat /K m . Therefore none of these mutant enzymes are an improvement over Tr→El-2 although their primary structure more closely resembles elastase. In particular, Tr→El-5 contains substitutions of all the structural elements which were required to transfer chymotrypsin-like activity and specificity into trypsin, yet it is less elastase-like than Tr→El-2.
In addition to the S1 site, the S3 site has been shown to play an important role in the specificity of elastase (Stein et al., 1987) . The acylation rate of human leukocyte elastase (HLE) increases 100-fold upon addition of a P3 residue. This observation suggests that the defect in the elastase-like mutants might result from the absence of proper P3-S3 interactions. However, the S3 site of elastase is comprised of residues 192, 216 and 217A (Bode et al., 1989) ; these residues are also part of the S1 site, and were included in the substitution of Tr→El-5. Therefore the failure to observe elastase-like activity in the mutant enzymes does not result from the incorrect substitutions at the S3 site.
Elastase-like amidase activity is not reconstituted into the mutant enzymes
Amidase activity has more stringent structural requirements than esterase activity. Since the mutant enzymes have no more than 2.5% of the esterase activity of elastase, it was unlikely that they would have any elastase-like amidase activity. As expected, neither Tr→El-1 nor Tr→El-2 catalyze the hydrolysis of Ac-AAPA-AMC; the amidase activity of the remaining enzymes was not assayed since they have even less esterase activity than Tr→El-1 and Tr→El-2. The substitutions may perturb the structure of the activation domain of trypsin We measured the one dimensional 1 H-NMR spectra of trypsin and Tr→El-2 in order to qualitatively probe the effects of the mutations on enzyme structure. Both spectra are characterized by dispersed amide protons (7.6-11.2 p.p.m.) and methyl protons (0.5-1.5 p.p.m.) characteristic of folded protein structures (Figure 2 ). This observation suggests the substitutions do not alter the global structure of the trypsin. However, several of the upfield methyl protons resonances of the trypsin spectrum have shifted downfield or disappeared in the spectrum of Tr→El-2. Previous studies of the 1 H-NMR spectra of bovine trypsin and trypsinogen observed a similar shift in the upfield proton resonances of trypsinogen relative to trypsin (Perkins and Wuthrich, 1980) . The structures of trypsin and trypsinogen differ in the activation domain, which consists of residues 8-19, 142-153, 184A-193 and 216-223 , and includes the S1 site, and loops 1 and 2. The activation domain is disordered in trypsinogen, and rigid in trypsin. Therefore, disorder in the S1 site and loops 1 and 2 correlate with shifts in the upfield proton spectra. These observations may suggest that the S1 site and loops 1 and 2 are also disordered in Tr→El-2.
Closer examination of these resonances further supports this view. The two highest field resonances of bovine trypsin were tentatively assigned to Ile73 (-1.0 p.p.m.) and Val227 (-0.8 p.p.m.) . Both of these residues are conserved in rat trypsin, as are the neighboring residues, which suggests that similar resonances will be observed in the spectrum of rat trypsin (Figure 4b, bottom panel) . Therefore it is likely that the two highest field resonances at Ϫ1.0 and Ϫ0.45 p.p.m.) in the rat trypsin spectrum can also be assigned to Ile73 and Val227. Only one such high field resonance (-0.75 p.p.m.) is observed in Tr→El-2; this resonance could be either Ile73 or Val227. Tyr172 is adjacent to Val227; the Tyr172Trp substitution in Tr→El-2 is expected to change the shift of this upfield methyl resonance. However, none of the substitutions in Tr→El-2 are in the immediate vicinity of Ile73. Therefore changes in this methyl resonance suggest a more extensive structural perturbation, which is consistent with perturbation of the activation domain of Tr→El-2. These observations suggest that the failure to reconstitute elastase-like activity, as well as the remaining barrier in the conversion of trypsin into chymotrypsin, may result from disorder in loops 1 and 2 and the S1 site.
Conclusions
These observations suggest that the structural features which determine elastase specificity are different from those which confer chymotrypsin specificity. Similarly, Venekei et al. (1996) have shown that the analogous substitutions do not convert chymotrypsin into a protease with trypsin-like specificity. These studies suggest that different structural frameworks are required for different substrate specificities.
